Abstract-Endothelial and tumor cells synthesize tissue factor pathway inhibitor (TFPI-1), which regulates tissue factor (TF) function by TF ⅐ VIIa ⅐ Xa ⅐ TFPI-1 quaternary complex formation (where VIIa and Xa are coagulation factors) and by translocation of these complexes into glycosphingolipid-rich microdomains of the cell membrane. Recombinant TFPI-1 added exogenously to cells is targeted to a degradation pathway. This study analyzes whether quaternary complex formation with endogenous TFPI-1 results also in internalization and degradation. We demonstrate that endogenous TFPI-1 and recombinant TFPI-1 differ in their distribution on the cell surface. Recombinant TFPI-1 is found in phospholipid-and glycosphingolipid-rich membrane domains, whereas endogenous TFPI-1 preferentially localizes to glycosphingolipid-rich microdomains. On quaternary complex formation, endogenous TFPI-1 remains protease sensitive and accessible for antibodies on intact cells, demonstrating that it is not appreciably internalized. Rather, regulation of TF by TFPI-1 is restored within 12 hours, consistent with dissociation of quaternary complexes on the cell surface. Endogenous TFPI-1 can be released from the cell surface by phospholipase treatment, indicating that TFPI-1 either is a glycosyl phosphatidylinositol (GPI)-anchored protein or binds to a GPI-linked receptor. We demonstrate that expression of a recombinant GPI-anchored form of TFPI-1 targets TF ⅐ VIIa complexes to glycosphingolipid-rich membrane fractions. Thus, GPI anchoring of TFPI-1 is sufficient for regulation of TF ⅐ VIIa complex function by a pathway of reversible inhibition rather than internalization and degradation. 
T he coagulation pathways are triggered by the cell surface receptor tissue factor (TF) that binds and allosterically activates the serine protease coagulation factor VIIa (VIIa). The cellular initiation of coagulation by the TF ⅐ VIIa complex is tightly regulated by the plasma-derived serine protease inhibitor (serpin) antithrombin III (ATIII) 1,2 and the cell-associated Kunitz-type inhibitor TF pathway inhibitor (TFPI-1). 3, 4 Whereas inhibition of TF ⅐ VIIa by ATIII results in dissociation of the complex, 5, 6 binding of Kunitz-type inhibitors to TF ⅐ VIIa increases the stability of the complex, 5, 7 indicating that the latter mechanism of inhibition may provide a more sustained downregulation of the TF pathway. An inhibitor homologous to TFPI-1, TFPI-2, has been identified, 8, 9 but the role of TFPI-2 in the physiological regulation of TF ⅐ VIIa function is unclear. The TFPIs are multidomain inhibitors consisting of 3 Kunitz-type domains and a carboxy terminal highly enriched in basic residues. The carboxy terminal and the preceding third Kunitz-type domain 10 are critical for the interaction with heparan-sulfated proteoglycans.
TFPI-1 binds to the surfaces of vascular cells 11, 12 and can be released into the blood by in vivo injection of heparin, 13 suggesting heparan-sulfated proteoglycan cell surface binding sites. Proteoglycan receptors that are known to bind TFPI-1 are the transmembrane-anchored ryudocan/syndecan 4 14 and the glycosyl phosphatidylinositol (GPI)-anchored glypican 3. 15 In a previous study, we found evidence that the primary anchoring of endogenous TFPI-1 on the surface of ECV304 cells is through a GPI linkage, 16 and similar conclusions were drawn from studies using primary human umbilical vein endothelial cells in culture. 17 The type of membrane anchoring influences the localization of cell surface receptors to specific areas of the cell membrane. For example, GPI-anchored proteins favor glycosphingolipid-rich membrane compartments that can be isolated by density centrifugation as low-density fractions insoluble in cold detergent, whereas transmembrane receptors typically localize to phospholipid-rich membrane areas that are fully detergent soluble and thus nonbuoyant in density gradients. 18 In addition to proteoglycan receptors, the transmembraneanchored LDL receptor-related protein (LRP), which is involved in endocytosis, has also been shown to provide a limited number of cell surface binding sites for TFPI-1. LRP is required for degradation of exogenously added TFPI-1 by cultured cells 12, 19 and for the accelerated cell surface clearance of TF in the presence of VIIa and TFPI-1 on monocytes. 20 In the latter case, TF was shown to remain associated with phospholipid-rich membrane domains. In contrast, we have found that endogenously synthesized GPI-anchored TFPI can direct the TF ⅐ VIIa complex to glycosphingolipidrich microdomains and plasmalemma vesicles/caveolae. 16 Glycosphingolipids provide an unfavorable environment for proteolytic activity of the TF ⅐ VIIa complex; thus, targeting TF to these membrane structures serves as a mechanism to downregulate TF ⅐ VIIa complex function in addition to inhibition by cell-associated TFPI-1. 16 In the present study, we determine whether GPI-anchored endogenous TFPI-1 supports the internalization and degradation of the quaternary TF ⅐ VIIa ⅐ Xa ⅐ TFPI-1 complex (where Xa is coagulation factor Xa). Because the majority of studies used recombinant TFPI-1 that was expressed in Escherichia coli, we wished to compare the cellular distribution of this material with the localization of TFPI-1 that is synthesized endogenously by cells. Recombinant TFPI-1 is shown to partition into detergent-insoluble as well as detergent-soluble fractions, a pattern that is distinct from the predominant localization of endogenous TFPI-1 in detergent-insoluble microdomains. Formation of a quaternary complex with endogenous GPI-anchored TFPI-1 does not result in internalization but in slow dissociation of the complex. Thus, the main function of GPI-anchored TFPI-1 is in the transient downregulation of TF ⅐ VIIa-dependent initiation of the coagulation pathways on cell surfaces.
Methods

Materials
Rabbit polyclonal antibodies to TFPI and TF and monoclonal antibody TF9 -10H10 to TF have previously been described. 16 A polyclonal antibody to TFPI-2 was raised in the rabbit by injections of the TFPI-2 cDNA in a mammalian expression plasmid. Purified plasmid DNA (50 to 200 g) in 10 mmol/L citrate (pH 6.5) and 0.25% bupivacaine was injected intramuscularly monthly until 1:1000 diluted serum showed reactivity with an extracellular matrix preparation from the TFPI-2-expressing T24 bladder carcinoma cell line. After SDS-PAGE on 8% to 16% gradient gels, the antiserum reacted with 3 bands with apparent molecular masses of 30 to 40 kDa. A control antibody raised against an E coli-produced fusion protein of TFPI-2 showed identical reactivity. Additional antibodies were kindly provided by the following investigators: chicken antibody to the TFPI ⅐ Xa complex (Dr John Bognacki, American Diagnostica, Greenwich, Conn), monoclonal antibody Ryu-2-30-27 to ryudocan/syndecan 4 (Dr Tetsuhito Kojima, Nagoya University, Nagoya, Japan), 14 monoclonal antibody S1 against glypican 1 (Dr Guido David, University of Leuven, Leuven, Belgium), 21 antibody to protein C inhibitor (PCI; Dr Koji Suzuki, Mie University, Japan), 22 and antibody R777 to LRP (Drs Maria Kounnas and Dudley Strickland, American Red Cross, Rockville, Md). 23 Antibodies were purchased from the following sources: polyclonal antibody to ATIII (Dako), monoclonal anti-LRP (American Diagnostica), monoclonal antibody to caveolin (anti-22-kDa Rous sarcoma virus Src substrate, ICN Biomedical Inc), TRITC-labeled rabbit anti-chicken IgG (Sigma Chemical Co), and horseradish peroxidase-conjugated secondary antibodies and reagents for chemiluminescence detection (Amersham Life Sciences). Recombinant VIIa and plasma-derived factors X and Xa were prepared as described 16 or purchased from Hematologic Technologies Inc. PCI was purified as described previously. 24 Recombinant human TFPI-1 produced in E coli 25 was generously provided by Dr Abla Creasey (Chiron Corp, Emeryville, Calif). ATIII was purchased from Calbiochem. Phosphatidylinositolspecific phospholipase C from Bacillus cereus was obtained from Boehringer-Mannheim Biochemica. Mounting solution (Slowfade Antifade) was from Molecular Probes.
Cell Culture
The human cell line ECV304 (CR-1998) and Chinese hamster ovary (CHO-K1, CRL 9618) cells were obtained from American Tissue Culture Collection. Before the experiments, ECV304 monolayers were stimulated for 5 hours with 10 ng/mL tumor necrosis factor-␣ to induce maximal TF expression. All incubations and washes were carried out in cell buffer (mmol/L: HEPES 21, NaCl 137, KCl 5, Na 2 HPO 4 0.75, glucose 5.5, and CaCl 2 2, pH 7.4).
Triton X-114 Fractionation to Isolate Membrane-Associated TFPI-1
Confluent cells were detached with a cell dissociation buffer (Life Technologies), washed, and adjusted in cell buffer to 6ϫ10 6 cells per milliliter. To release GPI-anchored proteins, the cell suspension was incubated with phospholipase C (1 U/mL) for 60 minutes at 37°C. Cells were washed once, and the cell pellet was lysed in 1% Triton X-114 in 0.1 mol/L Tris, 10 mmol/L EDTA, 2000 U/mL aprotinin, and 100 mol/L phenylmethylsulfonyl fluoride (PMSF) with repeated mixing on ice for 15 minutes. Cell debris was removed by centrifugation at 14 000g at 4°C. Phase separation was induced by incubation of the cleared detergent lysate for 5 minutes at 37°C, followed by brief centrifugation at 14 000g to separate the detergent and aqueous phase. The detergent pellicle was extracted with acetone, and the membrane proteins were resuspended in nonreducing SDS sample buffer. An equivalent of 5ϫ10 5 cells was loaded per lane for separation by SDS-PAGE and detection by Western blotting by use of polyclonal anti-TFPI antibody. 16 
Isolation of Detergent-Insoluble Membrane Fractions by Sucrose Gradient Centrifugation
Cell lysates were fractionated after cold Triton X-100 solubilization, as previously described. 16 In brief, experimental treatment of cell monolayers typically involved TF ⅐ VIIa complex formation by incubating cells with 5 nmol/L VIIa in cell buffer for 1 hour at 4°C, followed by addition of 50 to 200 nmol/L factor X or 10 nmol/L factor Xa for an additional 30 minutes at 37°C. In experiments that analyzed the binding of exogenously added recombinant TFPI-1, the inhibitor was included at the indicated concentrations during an incubation at 4°C for 1 hour, followed by an incubation as described above for 30 minutes at 37°C. After the incubations, cell monolayers were washed twice with cell buffer with reduced (0.5 mmol/L) CaCl 2 , and cells were harvested by scraping in the same ice-cold buffer. The cell pellet was resuspended in 2 mL ice-cold 1% Triton X-100 containing MES-buffered saline (mmol/L: MES 25, NaCl 150, NaVO 4 1, PMSF 1, and CaCl 2 0.1, pH 6.5) and homogenized with a loose-fitting Dounce homogenizer, followed by the addition of sucrose to 40%. This lysate was overlaid with 10 mL of a 30% to 5% sucrose gradient in MES-buffered saline without Triton X-100 and centrifuged at 39 000 rpm in an SW40Ti rotor (Beckman Instruments) for 16 to 20 hours. Fractions of 1.5 mL were collected, precipitated with 10% trichloroacetic acid, and resuspended in nonreducing SDS-PAGE sample buffer at a protein concentration of 1 mg/mL, based on protein concentration in the fractions determined by bicinchoninic acid assay (Pierce Chemical Co). A constant amount of protein was separated on 8% to 16% gradient gels, followed by semidry transblot transfer onto Immobilon P (Millipore Corp) and Western blotting with polyclonal antibodies and chemi-luminescence detection. To detect glypican 1 in the detergentinsoluble fractions, confluent ECV304 cells in ten 150-cm 2 flasks were separated by sucrose gradient. The detergent-insoluble fractions were pooled and precipitated with acetone. After resuspension, the pool was treated with 25 mU heparinase (Calbiochem) in 50 mmol/L Tris, 100 mol/L NaCl, 1 mmol/L PMSF, and 20 g/mL leupeptin, pH 7.0, for 2 hours at 37°C, 26 followed by SDS-PAGE for Western blotting with monoclonal antibody S1. 27 Expression of GPI-Anchored TFPI-1 in CHO-K1 Cells
The plasmid pRc/RSV-hCD14DAF encoding CD14 and the GPI attachment site from decay-accelerating factor (DAF) was kindly provided by Dr Vladimir Kravchenko (The Scripps Research Institute, La Jolla, Calif). 28 The HindIII-ClaI fragment encoding CD14 was replaced by the coding sequence for TFPI obtained by polymerase chain reaction with a flanking 5Ј HindIII site 5Ј from the initiation of the translation site and a 3Ј NarI site that created an in-frame fusion with the 37 carboxy-terminal residues of DAF. An HindIII-ApaI fragment of this construct was further subcloned into pcDNA3.1Zeo to provide a similar vector backbone as the TFPI-1 construct in pcDNA3 that was used as the control in the transfection experiments. CHO-K1 cells were cotransfected with the DAF-TFPI or the wild-type TFPI construct and a TF expression plasmid by use of lipofectamine (Life Technologies). Membrane association of TFPI-1 was analyzed by Western blotting after isolation of membrane-associated proteins by Triton X-114 fractionation, as described above. To analyze the translocation of TF, transfected cells were incubated with or without VIIa (5 nmol/L) and factor X (50 nmol/L) for 30 minutes, followed by separation of Triton X-100 -insoluble complexes by sucrose gradient centrifugation, as described above.
Immunofluorescence
ECV304 cells were grown on coverslips to confluence. After incubation for the indicated times in the presence of 5 nmol/L VIIa and 200 nmol/L factor X or 10 nmol/L factor Xa alone, the coverslips were rinsed in ice-cold cell buffer, incubated for 1 hour with chicken anti-TFPI ⅐ Xa complex (1:50) or rabbit anti-TFPI-1 antibodies in cell buffer with 5% BSA at 4°C, fixed for 2 minutes with acetone at 4°C, and incubated for 1 hour with TRITC-labeled secondary antibody. After they were washed in the cell buffer, the coverslips were mounted in Slowfade and analyzed by confocal laser scanning microscopy.
Assay for Cell Surface Proteolytic Activity of TF ⅐ VIIa and Protease Sensitivity of TFPI-1
In 24-well tissue culture plates, cells were grown to confluence. After washes, cells were preincubated with 50 g/mL cycloheximide (Sigma) in cell buffer for 30 minutes, and cycloheximide was included at the same concentration in all subsequent incubation steps to prevent de novo synthesis of TF and TFPI-1. Cells were incubated with VIIa (5 nmol/L) and factor X (500 nmol/L) for 30 minutes at 37°C to form quaternary complexes. After washes, serum-free medium containing cycloheximide (50 g/mL) was added. To determine TF activity, cells were assayed 0.5, 4.5, 12.5, and 24.5 hours after the initial treatment with factors VIIa and X. Cells were incubated with or without 100 g/mL polyclonal anti-TFPI IgG at 37°C for 15 minutes, followed by addition of VIIa (5 nmol/L) and factor X (500 nmol/L). Aliquots of 50 L were taken during a 30-minute incubation period and quenched in 150 L of 0.1 mol/L EDTA for a chromogenic assay to measure Xa generation. The rate of Xa generation was constant in the presence of the anti-TFPI antibody, and this activity was equated to the total TF activity (TF total ) on these cells. In the absence of anti-TFPI antibodies, the rate initially declined, reflecting inhibition by TFPI. The subsequent stable rate of factor X activation gave the residual TF activity (TF res ). TF total ϪTF res equals the amount of TF that is regulated by TFPI and is thus a measure for the inhibitory pool of TFPI-1 on the cell surface. Data for regulated TF are given as a percentage value relative to the total cellular TF, defined by the following formula: 100ϫ(TF total ϪTF res )/(TF total ). Statistical analysis was performed by t test for paired samples (Statview) .
To analyze protease sensitivity of surface-bound TFPI-1, ECV304 cells were plated in 6-well plates and subjected to the abovedescribed protocol in the presence of cycloheximide. After 1 and 12 hours, cells were harvested with cell dissociation buffer and incubated with or without trypsin (0.5 mg/mL) for 60 minutes at 4°C. Soybean trypsin inhibitor (1 mg/mL) was added, and cells were extensively washed before Triton X-114 membrane fractionation for Western blotting. All experiments were repeated at least 3 times, and representative data are shown.
Results
Recombinant TFPI-1 Has Detergent-Soluble and Low-Density Binding Sites on ECV304 Cells
Because the internalization and degradation of TFPI has been extensively studied with recombinant protein that was exogenously added to cells, we wished to determine whether the cellular distribution of the previously used E coli-derived TFPI was identical to TFPI-1 that was endogenously synthesized by ECV304 cells, which served as our model to study the regulation of TF function by cell-associated TFPI-1. 16 E coli-derived recombinant full-length TFPI-1 was added to ECV304 monolayers. Cells were incubated with TFPI-1 for 30 minutes at 37°C, washed to remove nonspecifically bound material, and subsequently lysed with cold detergent for sucrose gradient fractionation and characterization of the distribution of cell-bound TFPI-1 by Western blotting. Addition of 100 to 300 nmol/L of TFPI-1 to ECV304 monolayers was required to reproducibly observe binding with the typical distribution shown in Figure 1A . This concentration range is somewhat higher than previously reported affinities of recombinant TFPI-1 for cell surfaces. Because our experiments were performed in the absence of carrier proteins that had been routinely included in previous binding studies, 12, 20 we attribute the requirement for higher concentrations in our experiments to losses due to nonspecific protein adsorbance of TFPI-1 to the tissue culture plastic. This notion is supported by control experiments in which TFPI-1 was added to a concentrated cell suspension rather than to a cell monolayer, followed by cell fractionation on a sucrose gradient. Under these conditions, binding of recombinant TFPI-1 was observed at 10 nmol/L, and the distribution was comparable to the monolayer experiments.
The sucrose density fractionation separates the cell lysate in detergent-soluble material, which partitions in the highdensity fractions 7 and 8, and detergent-insoluble material, which floats in the sucrose gradient because of the high content of glycosphingolipids. Under our conditions, the glycosphingolipid-rich material is typically visible as an opalescent band in fractions 3 to 5. These fractions also contain caveolin, the marker protein for caveolae, which represent a structurally defined subcompartment of the glycosphingolipid-rich microdomains of cell membranes. 18 In Figure 1A , the distribution of TFPI-1 in sucrose density separations of lysates from control cells (top) and cells incubated with 300 nmol/L recombinant TFPI-1 (second panel) or 300 nmol/L TFPI-1 in the presence of 5 U/mL heparin (third panel) are shown. The protein loading and exposure times of the Western blots for TFPI-1 in Figure 1A were identical, and the intensities of the bands thus reflected the relative amounts of the respective species bound to the cells. Endogenous TFPI-1 migrated at the 50-kDa marker, whereas the exogenously added TFPI-1, which lacked carbohydrate moieties resulting from recombinant expression in E coli, migrated close to the 36-kDa marker protein. Endogenous TFPI-1 was present in only the detergent-insoluble fractions, whereas exogenous TFPI-1 was found in detergentinsoluble and detergent-soluble fractions. Endogenous TFPI-1 was not significantly displaced by exogenous recombinant TFPI-1. In all experiments performed, there appeared to be less available binding sites for exogenously added TFPI-1 in fraction 3, whereas a much larger number of apparently unsaturated sites were present in fractions 4 to 8. Cell surface binding of recombinant TFPI-1 was drastically reduced in the presence of heparin ( Figure 1A ), indicating that heparin either competes with heparan-sulfated proteoglycan binding sites or influences the TFPI-1 conformation to reduce the association with putative cellular receptors. Displacement of the endogenous TFPI-1 by 5 U/mL heparin was not apparent under the experimental conditions, suggesting that dissociation induced by heparin is slow, that higher affinity heparin-independent binding sites exist in these fractions, or that a portion of the endogenous TFPI-1 is directly GPI anchored, as previously suggested. 17 
Expression of Known TFPI-1 Receptors by ECV304 Cells
The binding of exogenous TFPI-1 throughout the membrane fractions suggested that multiple binding sites for recombinant TFPI-1 existed on ECV304 cells. The expression of known binding proteins for TFPI-1 was analyzed at the mRNA or protein level. By reverse-transcriptase PCR, ECV304 cells expressed mRNA (data not shown) for 2 of the known GPI-anchored heparan-sulfated proteoglycan receptors, glypican 1 and 3, the latter of which binds TFPI-1. 15 In pooled low-density fractions from large quantities of cells (from ten 150-cm 2 flasks) that were treated with heparinase, the glypican 1-reactive antibody S1 detected a 68-kDa band (data not shown) that had a molecular mass corresponding to the published size of the glypican 1 core protein. 27 These data are consistent with localization of GPI-anchored proteoglycan receptors in the glycosphingolipid-rich microdomains. Attempts to study in detail the cellular partitioning of glypican 1 and 3 protein between detergent-soluble and -insoluble fractions failed because of low sensitivity and considerable background staining of available antibodies. In the detergentsoluble fractions, Western blotting detected the 2 previously identified TFPI-1-binding transmembrane receptors, syndecan 4 and LRP, which were absent from the low-density fractions ( Figure 1B ). Syndecan 4 cell surface expression was also detected on intact cells by immunofluorescence, providing further support that this heparan-sulfated proteoglycan can serve as a cell surface binding site for TFPI-1. Thus, the partitioning of known binding receptors for TFPI-1 into specific membrane domains of ECV304 cells likely accounts for the distribution of recombinant exogenously added TFPI-1 to detergent-soluble and detergent-insoluble membrane domains.
Serpins Do Not Localize to Detergent-Insoluble Microdomains
To analyze whether binding to detergent-soluble and -insoluble binding sites is a common characteristic of heparin-binding protease inhibitors, we analyzed binding of 2 serpins, ATIII and PCI, to EVC304 cells ( Figure 1C ). These plasma inhibitors were added at near physiological concentrations to ECV304 monolayers, and cells were treated as described above for TFPI-1. ATIII (500 nmol/L) and PCI (50 nmol/L) partitioned predominantly in the detergent-soluble fractions, demonstrating that the TFPI binding sites in the low-density fractions are not shared between exogenously added heparin-binding serine protease inhibitors and TFPI-1. TFPI-2, the highly homologous Kunitz-type inhibitor that is also synthesized by ECV304 cells, showed a distribution remarkably similar to the exogenously added TFPI-1 ( Figure  1A) , indicating that at least some of the cellular binding sites are shared between these 2 inhibitors. TFPI-2 is known to be heterogeneous, with apparent molecular masses ranging from 27 to 33 kDa under nonreducing conditions that are due to differences in glycosylation. 29 According to analysis by 23 The staining of the light chain of LRP is shown. No staining for the heavy chain of LRP was detected, likely a consequence of inefficient electrophoretic transfer of the Ͼ500-kDa protein. C, Binding of exogenously added serpins to ECV304 cells is shown. ECV304 cells were incubated with either 500 nmol/L ATIII or 50 nmol/L PCI for 1 hour at 4°C, followed by incubation for 15 minutes at 37°C. After washes, cold detergent lysates of cells were fractionated by sucrose gradient. Localization of ATIII and PCI was determined by Western blotting of equal protein from each fraction.
SDS-PAGE on gradient gels, the apparent molecular mass of the TFPI-2 isoforms in extracellular matrix preparations ranged from 30 to 40 kDa (not shown). In the cell lysate fractionation ( Figure 1A ), no 30-kDa form of TFPI-2 was detectable, and the higher molecular weight glycosylation isoforms of TFPI-2 showed preferential localization to lowdensity fractions. Taken together, these data demonstrate a unique association of the homologous heparin-binding Kunitz-type inhibitors TFPI-1 and -2 with detergent-insoluble microdomains.
Downregulation of TF ⅐ VIIa Function by Endogenous TFPI-1 Is Reversible
Our previous study 16 indicated that GPI-anchored TFPI-1 plays an important role in translocating TF to the nonprocoagulant environment of glycosphingolipid-rich microdomains. The fate of the translocated complex and the reversibility of the downregulation had not yet been investigated. ECV304 cells were stimulated with tumor necrosis factor-␣ for 5 hours, followed by addition of cycloheximide to block de novo protein synthesis during the subsequent experimental manipulation. The chosen dose of cycloheximide blocked protein synthesis by Ͼ95%, as judged from intrinsic labeling experiments, without affecting cell attachment and viability during the duration of the experiment. Performing the experiments in the presence of cycloheximide ensured that changes in cell surface protein expression did not result from de novo protein synthesis.
We had previously established that TF is in excess of TFPI-1 in tumor necrosis factor-␣-stimulated ECV304 cells 16 and found that TF activity is rapidly downregulated by complex formation with TFPI-1. On quaternary complex formation, TF activity and TFPI-1 inhibitory function on the cell surface are thus concordantly reduced. To form a quaternary complex with cell-associated TFPI-1, cells were exposed to VIIa and substrate X for 30 minutes, followed by removal of the unbound protein and continuation of cell culture in serum-free growth medium At various times after return to culture medium, cells were analyzed for TF activity on the cell surface. By comparing TF activity in the presence and absence of function-blocking anti-TFPI-1 antibodies, we determined the amount of TF that is regulated by TFPI-1, which is given in Figure 2 as a percent value based on the total TF activity. On untreated cells, up to 50% of the TF activity was regulated by TFPI-1. Cells that were preincubated with VIIa and substrate X for 30 minutes to form the quaternary complex with TFPI-1 had reduced levels of total TF functional activity, which provided evidence that a fraction of TF is already in an inhibited complex with TFPI-1. Only a minor fraction of the remaining TF (Ͻ15%) was regulated by TFPI-1 immediately and 4 hours after the pretreatment with VIIa and substrate X (Figure 2 ). There was no significant difference between the treated and nontreated cells in the absolute TF activity that was not regulated by TFPI-1, demonstrating that the manipulations did not influence the activity of TF activity per se. Prolonged incubation in the absence of VIIa and substrate X restored TFPI-1-dependent regulation of TF function in the treated cells, and the percentage of TF regulated by TFPI-1 on treated and control cells was indistinguishable after 12 and 24 hours. Thus, formation of the quaternary complex did not induce enhanced degradation of TF or TFPI-1. Notably, to detect TF activity after prolonged incubation, it was necessary to add VIIa, indicating that the TF ⅐ VIIa complex also dissociated after disruption of the quaternary complex.
TFPI-1 Is Not Internalized After Quaternary Complex Formation With TF
The suggested slow dissociation of the quaternary complex may involve internalization and a time-dependent reappearance of TF and TFPI-1 on the cell surface. TFPI-1 is highly protease sensitive, and treatment of intact cells at low temperatures to restrict internalization results in complete proteolytic degradation of the cell-associated inhibitor. 16 Internalization of TFPI-1 should result in protection from extracellular proteases. Intact cells pretreated with VIIa and substrate X along with controls were exposed to trypsin at various times after formation of the quaternary complex. Figure 3 demonstrates that at 1 and 12 hours after complex formation, the amount of cell-associated TFPI-1 was similar in treated and untreated cells. All cellular TFPI-1 was susceptible to extracellular protease treatment, demonstrating that no significant pool of the cell-associated inhibitor was in an inaccessible internal compartment of the cell. Identical results were obtained when the cells were immediately processed after quaternary complex formation for 30 minutes (data not shown), excluding the rapid reappearance of the complex after an initial internalization event or a closure of caveolae.
We further used antibody staining of intact cells to demonstrate that TFPI-1 remains accessible for a non-cellpermeable antibody. The intensity of staining for TFPI-1 did not change over time after the addition of VIIa and substrate X ( Figure 4A) . We further used an antibody to the TFPI ⅐ Xa complex to detect complex formation of TFPI-1 on the cell surface. This antibody does not react with free TFPI-1 on unperturbed ECV304 cells ( Figure 4B ). Addition of Xa or incubation of the cells with VIIa and the substrate X resulted in an indistinguishable staining intensity, consistent with a similar level of cell surface expression of the Xa ⅐ TFPI-1 and the quaternary complex ( Figure 4B ). Staining intensities were Figure 2 . TFPI-1-dependent downregulation of TF function is reversible. At time 0, cells were preincubated with VIIa and factor X for 30 minutes (ࡗ) or, as control, subjected to the same manipulations without treatment (f). Cells were washed and transferred to serum-free medium without proteases. At the indicated times, TF function that is regulated by TFPI-1 was determined by analyzing proteolytic function in the presence and absence of anti-TFPI-1 polyclonal antibody. Protein synthesis was inhibited throughout the experiment with 50 g/mL cycloheximide. similar 2 hours after complex formation, demonstrating that neither the GPI-anchored Xa ⅐ TFPI-1 complex nor the quaternary complex is substantially internalized under our experimental conditions. These results are different from previous studies with exogenously added recombinant TFPI-1, which mediates efficient internalization of Xa on hepatoma cells or embryonic fibroblasts, 30, 31 providing evidence for a distinct function of the GPI-anchored pools of TFPI-1.
GPI Anchoring of TFPI-1 Is Sufficient for Localization to Detergent-Insoluble Microdomains
Our previous study demonstrated that the majority of the endogenously synthesized TFPI-1 in ECV304 cells is released by phospholipase C treatment, 16 indicating that GPI anchoring is responsible for the targeting of TFPI-1 to the low-density microdomains and the resulting regulation of TF function. To directly test this hypothesis, we attempted to reconstitute the TF translocation pathway by a TFPI-1 fusion protein that included at its carboxy terminal the GPI attachment sequence of DAF. Expression of wild-type soluble TFPI-1 in CHO cells did not result in cell surface association of TFPI-1 ( Figure 5A ), suggesting that TFPI-1 binding sites with characteristics similar to those in ECV304 cells were not expressed by CHO cells. Transfection with the cDNA that encodes for the fusion protein of TFPI-1 and the GPI attachment sequence of DAF (DAF-TFPI) resulted in recovery of TFPI-1 in the membrane fraction of a Triton X-114 phase separation ( Figure 5A ). DAF-TFPI was also detected in the supernatant, likely attributable to shedding or incomplete utilization of the GPI attachment sequence, as described for other overexpression experiments. 28 Treatment of cells that were transfected with DAF-TFPI with phosphoinositolspecific phospholipase C (1 U/10 6 cells) resulted in a loss of recovery of TFPI-1 in the membrane fraction ( Figure 5B ), providing evidence for GPI anchoring of the fusion protein.
CHO cells were transiently cotransfected with DAF-TFPI and TF. Cells transfected with the DAF-TFPI fusion protein showed enhanced downregulation of TF ⅐ VIIa proteolytic function compared with cells that were transfected with soluble TFPI-1, which showed no stable membrane anchoring. In transient transfection experiments, the percentage of TF activity regulated by TFPI-1 was 24Ϯ13% on the DAF-TFPI-transfected cells versus 9Ϯ16% on the TFPI-1-transfected cells (nϭ5). Cells cotransfected with DAF-TFPI and TF were further analyzed by Western blotting for the localization of the proteins after sucrose density gradient fractionation of cells that were lysed with cold detergent. In the absence of VIIa and substrate X, the DAF-TFPI-1 fusion protein localized selectively to the low-density fractions, whereas TF was exclusively found in the detergent-soluble fractions ( Figure 5C ). When cells were exposed to VIIa and substrate X to promote quaternary complex formation of TF ⅐ VIIa ⅐ Xa with the fusion protein, TF translocated to the detergent-insoluble fractions. The stronger intensity of the signal for TFPI-1 in fraction 5 in the right panel of Figure 5C was not a consistent finding, and we conclude that the localization of the fusion protein did not change appreciably on complex formation. GPI anchoring of TFPI-1 is thus sufficient to regulate TF ⅐ VIIa function by translocation to glycosphingolipid-rich microdomains.
Discussion
In our previous study, 16 we demonstrated a pathway for regulation of the proteolytic function of TF ⅐ VIIa by cell-associated GPI-anchored TFPI-1. The TF ⅐ VIIa complex has high proteolytic activity in the detergent-soluble fractions, but TF ⅐ VIIa function is negligible in glycosphingolipid-rich detergent-insoluble microdomains of the cells. TF is translocated to these microdomains on association with GPI-anchored TFPI-1. This translocation requires both VIIa and the product of the TF ⅐ VIIa complex, Xa, consistent with a typical quaternary complex formation of TF ⅐ VIIa ⅐ Xa ⅐ TFPI that has been documented biochemically as the inhibitory mechanism of TFPI-1. 3 The presented data show that direct fusion of a GPI anchor to TFPI-1 is sufficient for the specific localization of TFPI-1 to detergent-insoluble microdomains and for the reconstitution of the translocation pathway in transfected CHO cells. Direct GPI linkage of TFPI-1, previously suggested for endothelial cells, 17 would thus provide a regulatory pathway for TF function in vivo.
However, exogenously added TFPI-1 also associates with detergent-insoluble microdomains through apparently unsaturated binding sites on ECV304 cells. Thus, a direct GPI anchoring of TFPI-1 is not the only mechanism for targeting of TFPI-1 to low-density glycosphingolipid-rich microdomains. ECV304 cells express members of the GPI-anchored glypican family of heparan-sulfated proteoglycans that likely associate with the detergent-insoluble membrane domains as a result of their specific membrane attachment. A previous study has demonstrated that the glypican 3 core protein binds specifically to immobilized TFPI-1, 15 and we find no significant displacement of the endogenous inhibitor from ECV304 cells on incubation with heparin. Clusters of negatively charged residues in glypican 1 and 3 are highly conserved 32 and may contribute to protein-protein interactions with basic regions of TFPI, resulting in high-affinity binding that is only Figure 3 . TFPI-1 remains protease sensitive after quaternary complex formation. Cells were treated with or without VIIa and substrate X for 30 minutes at 37°C, washed, and incubated in serum-free culture medium for the indicated times. Protein synthesis was inhibited with 50 g/mL cycloheximide throughout the experiment. Intact cells were treated with trypsin at 4°C, followed by quenching with protease inhibitors and isolation of membrane fractions using Triton X-114 -mediated phase separation. Membrane-associated TFPI-1 was detected by Western blotting. Western blots for TF, which is less protease sensitive, demonstrate that equal amounts of membrane fractions of the treatment and control samples were loaded.
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inefficiently inhibited by heparin. Protein-protein interactions may be essential for cell surface binding of secreted TFPI in light of the low concentration of secretion by endothelial cells that accumulate Ͻ0.5 nmol/L TFPI-1 per 10 6 cells per 24 hours in the culture supernatant. 33, 34 Because heparin infusion releases TFPI-1 into the circulation, 13 heparan-sulfated binding sites for TFPI-1 must also exist in vivo. We find that exogenously added TFPI-1 was bound to detergent-insoluble and -soluble binding sites on ECV304 cells and that this binding was drastically reduced in the presence of heparin. The transmembrane-anchored heparan-sulfated proteoglycan syndecan 4, which binds TFPI-1, 14 was found to partition into the detergent-soluble fractions, indicating that this class of cell-associated proteoglycans constitutes part of the heparin-sensitive binding sites for exogenously added TFPI-1. Notably, other heparinbinding proteins, such as the serpins ATIII and PCI in the present study, also bound to the detergent-soluble fractions but failed to localize appreciably to the detergent-insoluble fractions. In contrast, TFPI-2 that is endogenously synthesized by ECV304 cells showed a membrane partitioning similar to exogenously added recombinant TFPI-1. This suggests that serpins and TFPIs share some proteoglycan binding sites in the detergent-soluble fractions but that the association with detergent-insoluble microdomains is a specific property of TFPIs. Because glypican 1 has been found to bind to another Kunitz-type inhibitor, the amyloid precursor protein inhibitor, 35 one may speculate that association with glycosphingolipid-rich microdomains is a specific property of Kunitz-type protease inhibitors.
By analyzing protease sensitivity and immunoreactivity of TFPI-1 on intact cells, we demonstrate that quaternary complex formation with GPI-anchored TFPI-1 on ECV304 cells does not result in appreciable internalization of the inhibitor. This clearly distinguishes endogenous TFPI-1 from exogenously added recombinant TFPI-1 that undergoes internalization, on the basis of several studies. 12, 19, 20, 31 The different biological properties of the endogenous and recombinant inhibitor may result from lack of glycosylation of the recombinant material, which is an important topic for future studies. Because exogenously added TFPI-1 partitions throughout detergent-insoluble and -soluble fractions, we suggest that the internalization pathway of exogenously added inhibitor involves binding of TFPI-1 to the detergent-soluble proteogly- cans. This would facilitate the cooperation 20, 36 with endocytotic receptors, such as LRP, which was detected in the same membrane environment. As an additional difference from the degradative pathway described for exogenous TFPI-1, we find that the inhibitory function of endogenous TFPI-1 is restored after prolonged incubation, which allowed for the dissociation of the quaternary complex. The high-affinity association of endogenously synthesized TFPI-1 with glycosphingolipid-rich microdomains thus constitutes a reversible pathway to regulate cell surface proteolysis.
TFPI-1 plays an essential role in the in vivo regulation of the cellular initiation of coagulation by TF. 37, 38 Because heparin infusion releases TFPI-1 presumably from the vascular endothelium into the circulation, 13 one might be faced with decreased anticoagulant potential of the vessel wall because of depletion of cell-associated TFPI-1 during the course of anticoagulant therapy with heparin. Our data indicate that the endogenously bound TFPI-1 on cultured cells is not significantly displaced by heparin and that heparin is rather more effective in preventing the binding of exogenously added TFPI-1 to possibly lower affinity binding sites in the detergent-soluble fractions. Heparin may compete with binding of ATIII, the other potential physiological inhibitor of the TF pathway, to these proteoglycan binding sites, resulting in lack of inhibitors for the TF pathway in the phospholipid-rich membrane areas of the cell. As a consequence, inhibition of TF in the presence of heparin would be directed toward the translocation-dependent pathway that positions TF in an environment that does not support the proteolytic activity of TF ⅐ VIIa. 16 This may provide the most efficient and prolonged control of TF-initiated coagulation and thus cooperate with the fluid-phase anticoagulant properties of heparin in plasma. Figure 5 . GPI anchoring of TFPI-1 is sufficient for translocation of the quaternary complex into detergent-insoluble microdomains. A, Specific membrane anchoring of the DAF-TFPI fusion protein in CHO-K1 cells is shown. CHO-K1 cells were transiently transfected with the cDNA for TFPI-1 or a cDNA encoding for DAF-TFPI that allows for membrane anchoring of TFPI-1 through fusion with the GPI attachment sequence of DAF. Triton X-114 membrane fractions were prepared and analyzed for TFPI along with samples of the serum-free culture supernatant. B, Treatment of transfected cells with phospholipase C released the membrane-associated DAF-TFPI. Cells that were transiently transfected with the cDNA for DAF-TFPI or TFPI were treated with (ϩ) or without (Ϫ) 1 U/mL of phospholipase C for 60 minutes at 37°C before the preparation of Triton X-114 membrane fractions. Membrane-associated TFPI was detected by Western blotting. C, Translocation of the quaternary complex is dependent on VIIa and substrate X. CHO-K1 cells were transiently cotransfected with cDNAs for TF and the DAF-TFPI fusion protein. Confluent cell monolayers were incubated with or without VIIa and substrate X, followed by detergent solubilization and sucrose gradient separation. Partitioning of TF and TFPI-1 is visualized by Western blotting of equal total protein from each fraction separated by SDS-PAGE.
